Charge transport in disordered organic semiconductors is generally described as a result of incoherent hopping between localized states. In this work, we focus on multicomponent emissive host-guest layers as used in organic light-emitting diodes (OLEDs), and show using multiscale ab initio based modeling that charge transport can be significantly enhanced by the coherent process of molecular superexchange. Superexchange increases the rate of emitter-to-emitter hopping, in particular if the emitter molecules act as relatively deep trap states, and allows for percolation path formation in charge transport at low guest concentrations.
In amorphous organic semiconductors, energetic disorder of the electronic states on different molecules and weak electronic coupling between the van der Waals bonded molecules lead to localization of the charge carriers. Charge transport in such materials is commonly described as a result of thermally assisted quantum-mechanical tunneling ("hopping") between states localized on individual molecules [1] . This picture has been employed successfully to develop models for the steady state and transient electronic and optoelectronic performance of organic electronic devices based on disordered thin films, such as organic photovoltaic (OPV) devices and organic light-emitting diodes (OLEDs) [2] [3] [4] . However, it has not been established to what extent this view of charge transport as an incoherent process is applicable to all types of disordered organic semiconductors. Studies of charge transport in onedimensional molecular systems comprising a higher energy "bridge" unit separating two lower energy units suggest that transport to a distant neighbor via the coherent process of "superexchange" can be an important alternative to incoherent hopping transport [5] [6] [7] . The carrier then resides only virtually on the intermediate bridge unit. Similar mechanisms have been discussed in the context of other systems, where disorder plays no role. For organic donoracceptor co-crystals it has been predicted that conduction and valence bands are formed by superexchange coupling between spatially separated acceptors (donors) bridged by the noncovalently linked donors (acceptors), leading to a mirror symmetry of conduction and valence bands with remarkably small effective masses of electrons and holes [8] [9] [10] . In this Letter, we demonstrate that coherent superexchange processes can also contribute significantly to charge carrier mobility of disordered organic semiconductors. In view of the percolative nature of the three-dimensional transport process in such materials, the possible role of superexchange is not a priori evident. We study materials used in the emissive layer (EML) of phosphorescent OLEDs, and show that including transport via superexchange is highly relevant to quantitative analyses of their performance. The EML of state-of-the-art OLEDs consists of a mixture of a small concentration (typically 3-10 mol %) of phosphorescent emissive dye molecules (guests), embedded in a host matrix of a charge transport material. Advantageously, the guest molecules act as exciton trapping sites, so that concentration quenching due to exciton diffusion is limited [11] . Furthermore, they function often also as charge trapping sites, allowing engineering of optimally shaped emission profiles [12] . The charge carriers reside then predominantly on the guest molecules. Experimental studies [13] and percolation based transport models [14] reveal a strong suppression of the carrier mobility in such systems, with a deep minimum for the dye concentration at the crossover between the lowconcentration regime in which the guest states act as isolated trap sites and the high-concentration regime in which direct guest-guest hopping is the dominant charge transport mechanism. We find that molecular superexchange, which provides a second pathway for guest-guest transport, can give rise to a strongly enhanced mobility near and beyond the crossover concentration.
The effect of virtual transfer to a host-type bridge molecule B on the charge transfer rate between two weakly coupled guest-type molecules A and C may be evaluated as follows [see Fig. 1(a) ]. Within the harmonic approximation of Marcus theory [15] , the energies of the system with a charge on molecules A, B, or C and with a relative molecular distortion (measured with respect to the neutral molecules) x A on A and x C on C are given by 
and
where λ and λ B are the reorganization energy of the guest molecules A and C, and host molecules B, respectively. E A;0 , E B;0 , and E C;0 are the energies of the fully relaxed states with a hole on molecules A, B, and C, respectively. Charge transfer from molecule A to C is viewed as a thermally activated process with an activation energy E T − E A;0 . From Marcus theory, the transition state energy
is the energy for the distortion configuration at which the two parabolas defined by Eqs. 1(a) and 1(c) cross, i.e., for
The charge transfer rate is in Marcus theory then given by
with H AC the transfer integral, ℏ the reduced Planck constant, k B the Boltzmann constant, and T the temperature. We extend this result by expressing the transfer integral as a sum of the direct electronic coupling and the superexchange coupling via bridge molecules B i (with 1 ≤ i ≤ N), using first-order perturbation theory:
with H XY;0 the direct transfer integrals between molecules X and Y and with
The energy of the system in its virtual state with the charge on molecule B and in the distortion configuration of the transition state E virtual has been deduced using Eq. 1(b). The last term in this symmetric expression is consistent with the notion that the bridge molecule does not respond to its occupation by relaxation to its minimum energy configuration, as its occupation is only virtual.
We quantify the hole transport in two prototypical host-guest systems frequently used in OLEDs:
, and TCTA∶IrðppyÞ 3 [tris (4-carbazoyl-9-ylphenyl)amine] doped with the greenemitting dye tris[2-phenylpyridinato-C2,N] iridium(III)]. These materials are used as the red-and green-emitting layers in OLEDs (e.g., Ref. [16] ). Atomistic morphologies were generated by means of a Monte Carlo protocol that simulates vapor deposition [17] . These morphologies are subsequently employed to calculate the molecular hole reorganization energies, hole energies (ionization potentials) and hole transfer integrals using the quantum patch method [18] (see also Supplemental Material [19] , Sec. 2).
As a first step to model hole transport in α-NPD∶IrðMDQÞ 2 ðacacÞ and TCTA∶IrðppyÞ 3 we have generated atomistic morphologies for both systems containing 1000 molecules per morphology, with a guest concentration of 8 mol %. For both systems, we find a mass density of about 0.87 g=cm 3 . The inset of Fig. 1(b) provides a schematic view of the positionally disordered molecular structure. Pair distribution functions are shown in the Supplemental Material [19] (Fig. S1 ). The density of states (DOS) of many single-component disordered materials can be well approximated by a single Gaussian distribution. However, in the case of host-guest systems we have a superposition of two Gaussians, as shown in [TCTA∶IrðppyÞ 3 ] system, as determined from ultraviolet photoelectron spectroscopy measurements [16] . The transfer integrals for direct and superexchange guest to guest/host hops are presented in Fig. 2 . For small guest to guest/host distances, the direct transfer integrals are dominant. However, for distances above approximately 2 nm the superexchange transfer integrals are orders of magnitude larger than the direct transfer integrals.
Systems that can be treated realistically in explicit microscopic calculations are at present much smaller than those required to capture mesoscale effects like percolative charge transport [21] . We have therefore used a stochastic expansion method to generate mesoscale morphologies, with sizes from 67 × 67 × 67 to 251 × 125 × 125 nm 3 . Expanded morphologies are stochastically generated to match the nearest-neighbor distance distributions of the atomistic morphology using a modified dominance competition model [22] (see Supplemental Material [19] , Secs. 3-5). The on-site energies are distributed following the Gaussian distributions obtained from the atomistic morphologies and the transfer integrals are drawn from distance dependent probability distributions matching the microscopic calculations. Based on the data from this expansion, we study the importance of superexchange for the hole mobility of host-guest systems using kinetic Monte Carlo (KMC) simulations [23, 24] . Simulation details are given in the Supplemental Material [19] (Sec. 6). Figure 3(a) shows for both systems the calculated guest concentration dependence of the hole mobility at various temperatures, without and including the superexchange transfer integrals. The hole concentration is 2.0 × 10 −4 , a typical value in OLEDs, and the electric field is 0.03 V=nm. All curves show the characteristic mobility minimum at the crossover between the low concentration regime in which the guest states act as trap sites and the high-concentration regime in which the transport is due to direct guest-guest transport. The mobility reduction is strongly dependent on the material system, and is larger for the TCTA∶IrðppyÞ 3 system (0.4 eV average trap depth) than for the α-NPD∶ IrðMDQÞ 2 ðacacÞ system (0.3 eV average trap depth). We find that superexchange increases the hole mobility at room temperature by up to a factor of 7 for TCTA∶IrðppyÞ 3 and a factor of 2 for α-NPD∶ IrðMDQÞ 2 ðacacÞ. With increasing temperature the effect decreases, which can be interpreted in terms of improved temperature-induced detrapping. Superexchange gives rise to enhanced guest-guest transport, so that the guest concentration at which the mobility minimum occurs becomes smaller. In particular for TCTA∶IrðppyÞ 3 the shift is significant, as may be seen from the temperature dependence of the concentration at which the minimum is found without and including superexchange, shown in Fig. 3(b) . The lower value of c min at which the minimum occurs and its increased temperature dependence can provide evidence for the importance of superexchange in experiments on a particular host-guest system. We note that an increase of the hole concentration to 1.0 × 10 −3 increases the mobility by up to 2 orders of magnitude for TCTA∶IrðppyÞ 3 , but does not influence the mobility increase by superexchange (see Supplemental Material [19] , Sec. 8).
In order to assess the general relevance of detrapping due to superexchange-mediated hops, we consider a model system consisting of a host molecule B sandwiched between two guest molecules A and C, in which a charge is trapped on molecule A. For simplicity, we assume the same reorganization energy λ ¼ 0.2 eV for all molecules, no direct coupling of molecules A and C (H AC;0 ¼ 0), equal host-guest transfer integrals (H AB;0 ¼ H BC;0 ≡ H hg ), and resonant guest states (E C;0 ¼ E A;0 ). The ratio of the escape rate ω AC;sx due to a superexchange-mediated hop from A to C and the escape rate ω AB;0 due to a direct hop to B depends then on the trap depth ΔE tr ≡ E B;0 − E A;0 as (see Supplemental Material [21] , Sec. 9)
In Fig. 4 (a) this detrapping rate ratio is given as a function of the host-guest transfer integral H hg and the trap depth ΔE tr . Taking H hg ≅ 10 −3 eV as a typical relevant value (the value at the distance of about 2 nm above which from Fig. 2 superexchange is seen to play a dominant role), the figure indicates a significant increase of the escape rate by a superexchange-mediated hop for ΔE tr ¼ 0.4 eV [the average ionization potential difference for TCTA∶ IrðppyÞ 3 ], and only a relatively small effect for ΔE tr ¼ 0.3 eV, which is more representative for α-NPD∶ IrðMDQÞ 2 ðacacÞ. Qualitatively, this finding agrees well with the KMC simulation results. As molecules used in typical OLED materials are of similar size and as their frontier orbitals are generally π orbitals of similar delocalization, the transfer integrals in most amorphous OLED materials are of a similar order of magnitude as for the two systems treated here. We thus conclude that superexchange-mediated hopping is likely to be the prevalent guest-guest transport mechanism for trap depths deeper than 0.3-0.4 eV. Figure 4 (a) reveals a strong dependence of the hopping rate enhancement by superexchange on the host-guest transfer integral. Off-diagonal disorder, i.e., a spread in transfer integral values, is, therefore, expected to have a strong influence on the nature of hole transport in guesthost systems and on the impact of superexchange. This is confirmed by a further analysis of the simulation results. Figure 4(b) shows the guest concentration dependence of the average probability of guest-guest hopping for the equilibrium distribution of holes in TCTA∶IrðppyÞ 3 , considering two different hopping models: one with a constant value of H hg and one with the transfer integrals drawn from the microscopic distribution, which covers a range of 10 orders of magnitude (see Fig. 2 ). Both models have the same mean value of H hg and use the energy dependence of the rate as in the Marcus model. In the absence of offdiagonal disorder, the inclusion of superexchange results in a strong increase of the guest-guest hopping probabilities, to essentially 100%, even at low guest concentrations. However, in the presence of off-diagonal disorder the effect of including superexchange is more moderate. This difference results from the fact that the number of accessible host molecules rises much faster with the hopping radius than the number of accessible guest molecules. Since the hopping matrix elements to either guest or host molecules are distributed over many orders of magnitude, the probability for a strongly connected host molecule is larger in the model with off-diagonal disorder. We note that offdiagonal disorder is often not considered in mesoscopic transport models. In such models, the importance of superexchange would be overestimated considerably.
In summary, we have shown that superexchangemediated hops are crucial to describe charge transport in typical host-guest systems important for OLEDs. Using a multiscale ab initio based model, we find that superexchange hops can, in a realistic case, increase the mobility by up to 1 order of magnitude. We also find that the mobility minimum can shift to considerably lower guest concentrations when compared to models that consider only direct hops. The relevance of superexchange crucially depends on the energy difference between the average onsite hole energy of guest and host molecules: it plays an increasingly important role in host-guest systems for which this energy difference is large. The quantitative impact of superexchange is strongly affected by the presence of offdiagonal disorder and therefore cannot be properly described with lattice models that neglect the distance dependence and distribution of the hopping matrix elements. This conclusion is essential for using simulation tools to support the selection of host and guest materials for OLEDs with optimally balanced electron and hole mobilities. We note that superexchange may play an important role in other types of systems. It may be relevant to explain transport in mixed-matrix type host materials in smallmolecule OLEDs [25] and in polymer OLEDs in which copolymerization of a matrix material with hole-transporting units acting as traps is employed [26] . The effect can also play an important role in exciton transport [27] : the emitter molecules of the systems investigated in this Letter have triplet energies that are approximately 0.3-0.4 eV smaller than the host triplet energies. Exciton hopping from guest to host is therefore heavily suppressed, and a superexchange mechanism could contribute to enhanced Dextertype [28] guest-to-guest exciton transport. Superexchange may also explain the hole transport mechanism in low donor concentration organic photovoltaic devices (OPV), where some small molecule materials operate at donor concentration down to 5% [29, 30] . Superexchange mediated donor-donor hopping may explain efficient hole transport down to such low concentrations. The abrupt breakdown of the current below 5% donor concentration would then correspond to the breakdown of hole percolation similar to the OLED materials investigated here (see Fig. 3 ).
This work is part of the Dutch-German project "Modeling of organic light-emitting diodes: From molecule to device" (MODEOLED) and of the Horizon 2020 EU projects EXTMOS (Project No. 646176) and MOSTOPHOS (Project No. 646259). MODEOLED is funded on the Dutch side by the Dutch Technology Foundation STW, the applied science division of NWO, and the Technology Program of the Dutch Ministry of Economic Affairs (Project No. 12200). On the German side, it is funded by the "Deutsche Forschungsgemeinschaft" (DFG; Project No. WE1863/22-1). The computations were performed on the computational resource ForHLR Phase I, funded by the Ministry of Science, Research and the Arts Baden-Württemberg, and the "Deutsche Forschungsgemeinschaft."
